This study investigates how the mobile phone can complement knowledge diffusion in order to influence CO 2 emissions in 44 Sub-Saharan African countries for the period 2000-2012.
Introduction
This chapter is motivated by three main trends in policy and scholarly circles, notably: the substantial potential for mobile penetration in Sub-Saharan Africa (SSA); the challenges of environmental sustainability and gaps in the literature 1 . We engage the points in chronological order.
First, compared to more advanced economies in North America, Europe and Asia that have been experiencing saturation levels in mobile phone penetration, Africa still has a high potential for the penetration of information and communication technology (ICT) (see Penard et al., 2012; Asongu, 2013; Asongu, 2017) . Such a potential for the mobile phone can be leveraged by policy makers in order to address sobering policy syndromes like global warming and environmental pollution.
Second, environmental sustainability is a key theme in the post-2015 sustainable development agenda ). This concern is relevant for SSA development challenges for at least four reasons, notably: comparatively high economic growth, persistent energy crisis, unsound management of energy and consequences of global warming. (i) Africa has enjoyed more than two decades of growth resurgence (see Fosu, 2015) and recently hosted seven of the ten fastest growing world economies (Asongu & Rangan, 2016) .
(ii)
Energy crisis has been documented to represent one of the most significant challenges in the post-2015 era (Akinyemi et al., 2015) . Shurig (2015) emphasized that according to the International Energy Agency (IEA), only 5% of SSA has energy access. To put this point into perspective, the total energy consumption in the sub-region is equivalent to that of the New York state of the USA and the consumption of electricity per capita in SSA is one-sixth of the global average. (iii) The management of energy crisis has been inefficient in most African countries (Anyangwe, 2014) . For instance, in some countries (like Nigeria), high demand for government-subsidized fossil fuels has been at the expense of renewable energy because the absence of electricity is compensated with substantial reliance on generators that depend on petroleum fuel (see Apkan, 2012) . (iv) Global warming is a consequence of the consumption of fossil fuels in an unsustainable manner (Huxster et al., 2015) . Furthermore, it is estimated that the population in Africa could be the most affected by the consequences of global warming (Kifle, 2008) . The emission of carbon dioxide (CO 2 ) is important in global warming 4 because it represents about 75 percent of greenhouse gas emissions in the world (Akpan, 2012) .
Third, this inquiry assesses how the mobile phone can be innovated for environmental sustainability, focusing on CO 2 emissions. Such positioning steers clear of recent CO 2 literature which has largely concentrated on linkages between energy consumption, CO 2 emissions and economic growth. Two fundamental strands constitute this dominant literature.
The first strand addressed the nexus between environmental pollution and economic growth with particularly emphasis on assessing the Environmental Kuznets Curve (EKC) hypothesis (see Akbostanci et al., 2009; Diao et al., 2009; He & Richard, 2010) 2 . The second strand embodies two research themes: on the one hand, linkages between pollution, energy consumption and economic growth and on the other, the relationship between economic growth and the consumption of energy. While the latter theme is substantially documented (Mehrara, 2007; Esso, 2010) 
3
, the former theme which is a comparatively new area of research has been characterised with conflicting findings for both developing and developed nations (Jumbe, 2004; Ang, 2007; Apergis & Payne, 2009; Odhiambo, 2009a Odhiambo, , 2009b Ozturk & Acaravci, 2010; Menyah & Wolde-Rufael, 2010; Begum et al., 2015 ; Bölük & Mehmet, 2015) .
The engaged studies have a fundamental shortcoming: the absence of policy variables with which to mitigate CO 2 emissions. We argue that, just stating how economic growth, energy consumption and environmental pollution are connected has little practical significance for policy markers if they are not provided with instruments by which policy syndromes (e.g. CO 2 emissions) can be mitigated. This study addresses the highlighted gap by employing the mobile phone as the innovative policy variable because of its penetration potential in SSA.
The present inquiry contributes to the extant literature by assessing how the mobile phone can complement the following three pillars of knowledge diffusions variables. They are (i) educational quality, (ii) ICT (e.g. internet penetration) and (iii) innovation (proxied by the number Scientific and Technical Journal Articles). In order to make these assessments, the mobile phone is interacted with each of the three knowledge diffusion variables in order to 2 It is important to note that the EKC hypothesis postulates that in the long term there is an inverted U-shaped relationship between per capita income and environmental degradation.
3 Also see Olusegun (2008) and Akinlo (2009) .
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examine both the conditional and unconditional net effects on environmental outcome variables. The intuition of mobile phone innovation is the fact that development externalities are likely to be enhanced when the mobile phone is complemented with the suggested proxies of knowledge diffusion. Such development externalities may ultimately contribute to environmental sustainability. For instance, a mobile phone that is connected to the internet may: (i) prevent unnecessary travelling and mitigate corresponding CO 2 emissions from citizens with or without private vehicles and (ii) enhance household management efficiency through the use of energy-saving mobile applications. In the same vein, the use of mobile phone applications for sustainable development initiatives require a minimum level of education and the overall impact on society is also contingent on the average level of scientific output.
The positioning of this inquiry unites the aforementioned three strands of literature. It investigates how the mobile phone penetration potential (first strand) can be leveraged to address environmental challenges (second strand) in order to complement existing studies (third strand). The rest of the study is structured as follows. Section 2 discusses the data and methodology while section 3 presents the empirical results. Concluding remarks and future research directions are covered in Section 4.
Data and methodology

Data
The study assesses a panel of 44 countries in SSA with data from the World Development Indicators (WDI) of the World Bank for the period 2000-2012 4 . The choice of the periodicity is contingent on data availability constraints. Six dependent indicators of CO 2 emissions are used, namely: (i) CO 2 per capita, (ii) CO 2 from electricity and heat, (iii) CO 2 from liquid fuel, (iv) CO 2 from manufacturing and construction, (v) CO 2 from transport and (vi) CO 2 intensity.
In this investigation, a decrease in these CO 2 emission variables implies positive conditions for environmental sustainability. ). Educational quality is measured as the 'pupil-teacher ratio' in primary education. Both data availability constraints and the comparative relevance of primary education motivate the selection of this variable.
Concerns surrounding degrees of freedom are apparent in other measurements of educational quality (e.g. 'pupil-teacher ratio in secondary education'). Moreover, primary education has been established in the literature to be more connected with positive development externalities when nations are at an initial stage of the process industrialisation (see Petrakis & Stamatakis, 2002; Asiedu, 2014) .
Given the limited variation in the other variables of innovation (e.g. patent and trademark applications), we are in conformity with recent literature in employing the number of Scientific and Technical Journal Articles (STJA) published annually as a proxy for innovation (Tchamyou, 2016) . The internet penetration rate (per 100 people) is also used as a complement to the main policy variable: mobile phone penetration rate (per 100 people).
In order to avoid variable omission bias, five main control variables are used. They The full definitions of variables, corresponding summary statistics and the correlation matrix are disclosed in Appendix 1, Appendix 2 and Appendix 3 respectively.
Methodology
We adopt a two-step GMM estimation technique for five principal reasons: (i) the adopted number of countries (44) is considerably higher than the periodicity in the individual countries (13); (ii) the CO 2 emission variables are persistent as shown in Appendix 4 given that their correlation coefficients with their respective first lags are higher than the rule thumb threshold of 0.800; (iii) owing to the fact that the GMM estimation approach is compatible 7 with a panel data structure, cross-country differences are considered in the regressions; (iv) inherent biases in the difference estimator are corrected with the system estimator; and (v) the estimation technique further accounts for endogeneity by controlling for simultaneity in the explanatory variables using an instrumentation process. In addition, usage of time-invariant indicators also enables the study to control for endogeneity.
We employ the Roodman (2009ab) extension of Arellano and Bover (1995) because, compared to traditional GMM techniques, it mitigates the proliferation of instruments (or restricts over-identification) and is more efficient in the presence of cross-sectional dependence (Love & Zicchino, 2006; Baltagi, 2008; Boateng et al., 2016 ).
The following equations in level (1) and first difference (2) summarise the standard system GMM estimation procedure.
where, t i CO , is a CO 2 emissions indicator of country i at period t , 0  is a constant, M represents mobile phone penetration, K is a knowledge diffusion variable (educational quality, internet penetration and scientific output), MK is the interaction between a knowledge diffusion variable and the mobile phone penetration policy variable,W is the vector of control variables (GDP growth, population growth, foreign direct investment, trade and regulation quality),  represents the coefficient of auto-regression which is one for the specification, t  is the time-specific constant, i  is the country-specific effect and t i,  the error term. We briefly engage properties of identification and exclusion restrictions because they are essential for a sound GMM specification. All explanatory indicators are acknowledged as suspected endogenous or predetermined and only time-invariant variables are considered to exhibit strict exogeneity. This process is in accordance with recent literature (see Asongu & Nwachukwu, 2016b , Boateng et al., 2016 . Furthermore, time-invariant variables or years are unlikely to become endogenous after a first difference (see Roodman, 2009b) 5 . In this light, the time invariant indicators affect CO 2 emissions exclusively via the suspected endogenous 5 Hence, the procedure for treating ivstyle (years) is 'iv (years, eq(diff))' whereas the gmmstyle is employed for predetermined variables.
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indicators. In addition, the statistical relevance of the underlying exclusion restriction is assessed with the Difference in Hansen Test (DHT) for the exogeneity of instruments. Within this framework, the alternative hypothesis of the DHT should be rejected in order for the time invariant variables to affect CO 2 emissions exclusively via the predetermined variables.
Hence, in the findings that are presented subsequently, the hypothesis of exclusion restriction is validated if the null hypothesis of the DHT connected to instrumental variables (IV) (year, eq(diff)) is not rejected. Such a process is in accordance with the standard IV procedure where-by, a rejection of the alternative hypothesis of the Sargan Overidentifying Restrictions (OIR) test is an implication that strictly exogenous variables influence CO 2 emissions exclusively through the suspected endogenous variable mechanisms (see Beck et al., 2003; Asongu & Nwachukwu, 2016c) . Table 1 and Table 2 respectively present the first and second sets of specifications on linkages between mobile phone innovation and CO 2 emissions. Table 1 focuses on: CO 2 per capita, CO 2 from electricity and heat and CO 2 from liquid fuel. Table 2 is concerned with: CO 2 from manufacturing and construction, CO 2 from transport and CO 2 intensity. For each CO 2 emission indicator, there are three specifications pertaining to the knowledge diffusion variables, namely: educational quality, internet penetration and scientific output.
Empirical results
Four information criteria are employed to assess the validity of the GMM models with forward orthogonal deviations 6 and the net effect is computed to examine the overall impact of the complementarity between the mobile phone policy variable and knowledge diffusion in CO 2 emissions. For example, in 2) The failure to reject the null hypotheses of: a) no autocorrelation in the AR(1) and AR(2) tests and; b) the validity of the instruments in the Sargan and Hansen OIR tests. na: not applicable because at least one estimated coefficient needed for the computation of net effects is not significant. The mean value of mobile phone penetration is 24.428.
In the light of the criteria for the validity of GMM regressions, the following findings are established in Table 1 . First, the mobile phone complements education to have a net negative effect on CO 2 emissions per capita and CO 2 emissions from the consumption of liquid fuel. Second, where some positive net effects are apparent, corresponding marginal effects are negative. Regressions reflecting this finding include, the complementarity between mobile phones and: (i) scientific output in per capita CO 2 emissions, (ii) internet penetration in per capita CO 2 emissions and (iii) internet penetration in CO 2 emissions from electricity and heat production . Significant net effects are not apparent in Table 1 because at least one of the estimated coefficients needed for their computation is not significant in the respective specifications.
Concluding implications and future research directions
This study has investigated how the mobile phone can complement knowledge diffusion variables in order to influence CO 2 emissions in 44 Sub-Saharan African countries for the period 2000-2012. The empirical evidence is based on Generalised Method of Moments.
Three knowledge creation and diffusion variables representing three of the four pillars of the World Bank's Knowledge Economy Index have been employed: educational quality, information and communication technology (ICT) and scientific output. Six CO 2 emission variables have also been used: namely: CO 2 per capita, CO 2 from electricity and heat, CO 2 from liquid fuel, CO 2 from manufacturing and construction, CO 2 from transport and CO 2 intensity. In the empirical analysis, a decrease in these variables implies positive conditions for environmental sustainability.
Based on net effect from complementarities, the following findings have been established. First, the mobile phone complements education so as to have a net negative effect on CO 2 emissions per capita and CO 2 emissions from the consumption of liquid fuel.
Second, where some positive net effects are apparent, corresponding marginal effects are negative. It is important to note that, in the light of the negative unconditional effects pertaining to the net positive effect, mobile phone thresholds at which the mobile phone can dampen the positive net effects are largely within the mobile phone penetration range (i.e.
0.000 to 147.202). In essence, two of the three possible thresholds make economic sense and have policy relevance, notably: 33.333 (0.001/0.00003) mobile penetration per 100 people for scientific output in per capita CO 2 emissions and 105 (0.420/0.004) mobile penetration per 100 people for internet penetration in CO 2 emissions from electricity and heat production.
Conversely, the 150 (0.015/0.0001) mobile penetration per 100 people threshold related to internet penetration in per capita CO 2 emissions is not within range. It follows that for thresholds that are within the range provided by the summary statistics, critical levels of mobile phone penetration could revert the positive net effects on CO 2 emissions to negative.
This will require policy to put in place measures that increase ICT access in the sub-region.
Before we suggest some policies in this direction, it is important to clarify the notion of threshold. In essence, the notion of threshold is similar to: critical masses for appealing effects (Batuo, 2015; Roller & Waverman, 2001) ; the minimum requirement for reaping expected effects (Cummins, 2000) ; the requirements for Kuznets and U shapes (Ashraf & Galor, 2013) and essential information sharing critical masses at which market power can be reduced for financial access .
In the light of the above, the main practical implication is that ICT can be consolidated in order to reverse potentially adverse effects that its low penetration has on CO 2 emissions when complemented with knowledge diffusion variables. Hence, for sampled countries mobile phone needs to be enhanced beyond identified policy thresholds. Moreover, it is important for policy makers to tackle issues that are linked with the lack of adequate mobile phone infrastructure as well as those pertaining to affordability, which represents a critical access barrier. In this vein, schemes encouraging universal coverage and low pricing are steps in the right direction. In a nutshell, the mobile phone acts as an appropriate interface between knowledge diffusion mechanisms and activities that could decrease CO 2 emissions. For instance a quick dial on a mobile phone can save transport and energy cost which are associated with CO 2 emissions. Decreasing such costs and corresponding CO 2 emissions will therefore be substantially enhanced if mobile phone policies are designed to boost, inter alia:
adoption, access, interactions, reach and effectiveness.
The principal theoretical contribution is that the mobile phone by means of information sharing can reduce information asymmetry linked to CO 2 emissions.
Accordingly, given that a mobile phone is an information sharing instrument, such ability to 13 share information when combined with knowledge diffusion channels can substantially curb costs that promote CO 2 emissions. Thus, the role of decreasing informational rents associated with environmental degradation is broadly consistent with the theoretical framework of financial intermediation efficiency through information sharing offices (public credit registries and private credit bureaus) (see Asongu et al., 2016b) . Hence, in the light of this underlying analogy, the theoretical underpinning for enhancing financial intermediation by means of information sharing offices is consistent with complementing the mobile phone with knowledge diffusion variables in order to decrease information asymmetry that promote CO 2 emissions.
Future research can improve the extant literature by assessing whether the established linkages withstand further empirical scrutiny from country-specific standpoints. Such country-specific findings are essential for more targeted policy implications. CO2mtpc: CO2 emissions (metric tons per capita). CO2elehepro: CO2 emissions from electricity and heat production, total (% of total fuel combustion). CO2lfcon: CO2 emissions from liquid fuel consumption (% of total). CO2mainucon: CO2 emissions from manufacturing industries and construction (% of total fuel combustion). CO2trans: CO2 emissions from transport (% of total fuel combustion). CO2inten: CO2 intensity (kg per kg of oil equivalent energy use CO2mtpc: CO2 emissions (metric tons per capita). CO2mtpc (-1): first lag of CO2mtpc . CO2elehepro: CO2 emissions from electricity and heat production, total (% of total fuel combustion). CO2lfcon: CO2 emissions from liquid fuel consumption (% of total). CO2mainucon: CO2 emissions from manufacturing industries and construction (% of total fuel combustion). CO2trans: CO2 emissions from transport (% of total fuel combustion). CO2inten: CO2 intensity (kg per kg of oil equivalent energy use).
